The Yamuna basin constitutes a part of the Ganga plain which is one of the most densely populated regions and one of the largest groundwater repositories on the earth. Agricultural activities, population growth, rapid industrialization, and unplanned urbanization in the plain have resulted in various geo-environmental hazards, in particular, deterioration of groundwater quality. This studies the aquifer geometry and geochemical evaluation of groundwater in terms of its suitability for domestic and agricultural uses. Groundwater in the basin occurs in Quaternary alluvium and fractures in highly consolidated Alwar quartzites. Hydrogeological cross sections revealed a two-to three-tier aquifer system down to 100 m below ground level. The aquifer sequence comprises of clay, silt, different grades of sand and gravel in varying proportions. Climatic conditions, weathering and anthropogenic activities control the groundwater chemistry in the basin. The pH and electrical conductivity (EC) of the groundwater is variable (pH = 5.5-8.8; EC = 500-6700 µS/cm). At most places, the groundwater is alkaline, hard, and saline. In general, the groundwater has a composition expressed in equivalent units of Na 
Introduction
India is divided into three distinct physiographic units: the peninsular shield, the extra peninsula, and the Indogangetic alluvial plain. The study area is part of the Yamuna basin which is an Indo-gangetic plain. The Indo-gangetic plain is the largest alluvial plain in the world (Ansari et al. 2000) and was formed by deposition of terrigenous clastic sediments from streams of the Indus, Ganga, and Brahmaputra river systems (Singh 1992) . The plain is under severe environmental stress due to urbanization, rapid agricultural growth, and industrial development. Improper disposal of untreated industrial wastes, use of wastewater for irrigation, and ignorance of their management have resulted in deterioration of both surface and ground water and contamination of sediments (Jha et al. 1993; Chander 1994; Khurshid and Zaheeruddin 2000) .
A series of hydrogeological and hydrochemical investigations has been carried out in the Indo-gangetic alluvial plain in India (Pathak 1985 (Pathak , 1988 Jha et al. 1988; Khanna 1992; Singh et al. 1990; Singh 1992; Ansari 1997; Zaheeruddin 1999) and alluvial aquifers in other countries (Rosen and Jones 1998; Young et al. 1998; Jackson 1998; Chen and Gocke 1999; Keith 1999) .
The Yamuna River, which runs through the most industrialized zone of northern India, receives pollutant loads from industrial effluents, domestic sewage, and agricultural activities, and possesses severe water quality deterioration problems. The drinking water consumption in the area has outpaced population growth over the past few decades while misuse and mismanagement have resulted in a rapid and widespread decline in water quality and supply. The present study was undertaken to look at the aquifer disposition controlling the hydrochemistry of groundwater in space and time, and to assess groundwater quality in order to ascertain its suitability for domestic and irrigation purposes. 44ºC or higher during May every year and drops to below 5ºC in January. The precipitation arises from a southwest monsoon during July to September and accounts for nearly 80 to 90% of the annual rainfall. The remaining 10 to 20% of rainfall occurs from January to March, the winter period. The mean annual rainfall in the area is 584 mm. The area witnesses excess evaporation during summer.
Geological and Hydrogeological Setup
Alwar quartzites of the Delhi Super group occur as peneplain ridges and are developed in a small portion in the northwestern part of the area. The quartzites are compact, dirty white, pale grey, and purple in colour, and are highly jointed. A major part of the area is occupied by Quaternary alluvium comprised of sands of various grades, clay and silt interbedded with kankar (calcareous nodules) forming potential groundwater reservoirs.
Groundwater occurs in the alluvium and the underlying weathered and jointed quartzites of the area, under the water table at shallow depths, and in semi-confined to confined conditions at greater depths. The thickness of the alluvium increases from 25 m in the area close to the quartzite outcrops in the northwest, to over 150 m in the southeastern part of the area. The depth to water level varied between 3.30 to 21.50 m below ground level during the pre-monsoon period (June 1997) and from 2.05 to 20.06 m below ground level during the postmonsoon period (November 1997) . The groundwater flow in general is towards the east and southeast with some variations probably controlled by drainage pattern and canal network (Zaheeruddin 1999) .
Materials and Methods
Lithological logs of tube wells drilled by the Geological Survey of India were utilized for the preparation of hydrogeological cross sections to study the disposition of aquifer systems. The locations of inventoried tube wells and section lines are shown in Fig.1 . Groundwater samples were collected from 65 existing shallow hand pumps and deep tube wells for hydrochemical study (Fig.1) . Physico-chemical parameters (electrical conductivity and pH) were measured in the field using a water analysis kit (NPC 360 D). Electrical conductivity, which is a measure of the salinity of water, shows wide spatial variation from 500 to 6700 µS/cm at 25ºC as a consequence of large fluctuations in hydrological conditions. Major cations and anions were analyzed as per the APHA (1992) and Trivedi and Goel (1984) procedures. Sodium and potassium were analyzed using a flame photometer. Fluoride and nitrate were analyzed on a spectrophotometer. Sulphate was determined by the gravi- Fig. 1 . Location map of the study area (Faridabad and Ghaziabad, India). metric method, and the remaining ions were analyzed by titration methods in the geochemical laboratory of the Geology Department, Aligarh Muslim University, Aligarh, India. The parameters sodium adsorption ratio (SAR) and percent sodium (%Na) were calculated to assess the suitability of groundwater for irrigation use.
Aquifer Geometry
To study the subsurface aquifer geometry and nature of the sediments, two hydrogeological cross sections along line AA' and BB' were prepared. About a 22-km long hydrogeological cross section along line AA' (Fig. 2) running in a NE-SW direction shows a single aquifer system down to 85 m below ground level in the southwest, but two-tier aquifer system in the northeast close to Yamuna River. A thick sand bed of 65 m is present close to the Agra canal. Section line BB' (Fig. 3) shows a two-to three-tier aquifer system locally separated by thin clay beds, but on a regional scale a single aquifer system can be visualized. A thick sand bed is discernible in the entire section at different depths. A thick clay capping is present in almost the entire section.
The aquifer is made up of fine-to medium-grained sand with occasional coarse sand. Arenaceous sediments dominate the western region whereas the eastern region is dominated by argillaceous sediments. The occurrence of clay beds intermixed with silt and kankar serve as an aquitard.
Results and Discussion

Physico-chemical Parameters
The chemical composition of physico-chemical parameters (pH and EC) and major ions in groundwater in the Yamuna basin are presented in Table 1 . The pH values of the groundwater for the area ranged from 5.5 for samples obtained at sampling site 61, to 8.8 recorded at sampling site 1. Sixty-five percent of the groundwater samples show that the water is alkaline (pH >7). The groundwater in the central part of the region is characterized by a high degree of mineralization, whereas along the river the groundwater is comparatively less mineralized. This is possibly due to the presence of sandy formations which are recharged quite regularly by rainfall. Since the area is located in the most industrialized zone of northern India, discharge of industrial effluents and solid wastes in the open field and unlined drains is a common practice. These may cause the higher level of total dissolved solids (TDS) in groundwater resulting in salinity hazards (Khurshid and Zaheeruddin 2000) . Lithologic and climatic factors also contribute to the salinity hazards. Dry conditions in summer cause the capillary rise of water from pores of silt-clay, and the subsequent evaporation of water leads to precipitation of salts in the surface soil. These surface soil salts are moved by rainwater into groundwater leading to enrichment of the salt content of groundwater.
Major Ion Chemistry and Sources
Major ions play a leading role in quality classification of water for domestic and irrigation purposes. Chemical results (Table 1) show that there are wide spatial variations in the concentrations of major ions in the groundwater of the area. This reflects the variations in natural and human activities. The concentrations of dissolved ions in groundwater are generally governed by lithology, velocity, and quantity of groundwater flow, nature of geochemical reactions, solubility of salts, and human activities (Karanth 1997; Bhatt and Saklani 1996) . The concentration of TDS, a measure of quality, ranged from 321 to 4295 mg/L with a mean of 1277 mg/L. According to TDS classification (Davis and Dewiest 1966) , 55.4% of the groundwater samples belonged to the brackish type (TDS >1000 mg/L) and the remaining was freshwater (TDS <1000 mg/L). About 35% of the samples show hard groundwater (hardness 250-350 mg/L). Excessively hard water (hardness >350 mg/L) was observed in 12.3% of the groundwater samples, and the remainder was moderately hard water. Hard water is generally believed to have no harmful effect on humans. Cardiovascular diseases are reported to be confined to the areas of soft water, rather than to those having hard water (Crawford 1972) .
The relative abundance and range of major ions are presented in Table 2 . The plot of (Ca 2+ + Mg 2+ ) versus HCO3 - (Fig. 4a) shows that most of the data points fall above the equiline (1:1) and only a few points are below this line. This suggests that the excess of alkaline earth elements (Ca 2+ + Mg 2+ ) over HCO3 -has been balanced by Cl -and SO4 2-. An excess of alkalinity in some samples has been balanced by alkalis (Na + + K + ). The plot of (Ca 2+ + Mg 2+ ) versus total cations (TC) in Fig. 4b shows that the data lie far below the theoretical line depicting a contribution of alkalis to the major ions. A scatter plot of (Na + + K + ) versus (Cl -+ SO4 2-) shows the increase in alkalis corresponds to a simultaneous increase in (Cl  -+  SO4 2-), thereby indicating a common source for these ions and the presence of Na2SO4 and K2SO4 in the soils (Datta and Tayagi 1996) .
The high concentration of Cl -may be caused by leaching of saline soil residues due to climatic conditions (e.g., high rate of evaporation) and anthropogenic activities. The heavy use of fertilizers in the highly irrigated 132 Zaheeruddin and Khurshid (Zhang et al. 1995; Pawar and Shaikh 1995) . The excess of Na + + K + over Cl - (Fig. 4d ) at low chloride concentrations reflects input from the weathering of Na-and K-rich minerals. The plot of a few samples below the trend line (1:1) The mechanism controlling water chemistry and the functional sources of dissolved ions can be assessed by plotting hydrochemical data according to the variations in the ratios of Na + :(Na + + Ca 2+ ) and Cl -:(Cl -+ HCO3 -) as functions of TDS (Gibbs 1970) . The plots of data on the Gibbs diagram (Fig. 5) suggests that chemical weathering of rock-forming minerals and evaporation are the dominant factors controlling groundwater chemistry in the area.
The pollution due to F -and NO3 -in groundwater is a matter of great concern as it poses serious consequences to human health. Analytical results show high F -concentration at some places (sampling sites 25, 28, 47, 51, 52, 58, and 63) exceeding drinking water standards (1.5 mg/L) prescribed by WHO (1984) . The main source of F -in groundwater is fluoride salts used in industries manufacturing steel, aluminium, glass, ceramics, etc. Phosphate fertilizers often contain F -as an impurity and are used extensively in the area. These may cause an increase in F -content of soils, and when leached, result in enrichment of the F -content of groundwater. Fluoride-bearing minerals such as apophyllite, phlogopite, illite, hydromuscovite, and biotite are generally found in clay-dominated soil (Rai 1996) . As the aquifers in the area comprise alternate beds of sand, gravel and clay, some quantity of F -may also be contributed from hydration of the above minerals present in clay horizons.
Nitrate is the most common form of nitrogen that occurs in surface and ground water (Kacaroglu and Gunay 1997) . It represents the oxidized end product in the nitrogen cycle of atmosphere, vegetation, upper soil and soil water zones (Favara et al. 2000) . In groundwater, the NO3 -contents are within the permissible limit (45 mg/L) as recommended by WHO (1984) with a few exceptions (e.g., sampling sites 11, 37, 50, and 54).
Decomposition of soil organic matter, leaching of soluble synthetic or chemical fertilizers (particularly Nfertilizer), human and animal excreta (Hill 1982) , and on-site sewage disposal in septic systems (Aravena and Robertson 1998) are the potential sources of NO3 -in groundwater. Since the area is highly populated and industrially and agriculturally developed, the sewage, animal wastes, and use of fertilizers are the chief sources of NO3 -in groundwater of the area. Correlation among water quality parameters greatly facilitates the task of rapid monitoring of water quality (Tiwari and Ali 1988) . In the present study, the correlation coefficient among various chemical variables was calculated (Table 3) for monitoring the groundwater quality of the area. The highest positive correlation (0.985) was found between EC and TDS. (Fig. 6) show positive correlation with HCO3
-and negative correlation with Ca 2+ . The suitability of groundwater for agricultural purposes depends on the effect of the mineral constituents of water on both plants and soil. Effects of salts on soils causing changes in soil structure, permeability, and aeration indirectly affect plant growth. Irrigational specifications have been proposed by Wilcox (1955) and U.S. Salinity Laboratory Staff (1954) for evaluating the suitability of water for irrigation use. There is a significant relationship between SAR values for irrigation water and the extent to which sodium is adsorbed by the soils. If water used for irrigation is high in sodium and low in calcium, the cation-exchange (CE) complex may become saturated with sodium which can destroy the soil structure owing to dispersion of the clay particles (Singh 2002) . The SAR values in 56 out of 65 samples were less than 10, and EC values in about 56% of the samples were greater than 1500 µS/cm indicating low alkali hazard and high salinity hazard. The values of EC and SAR plotted on a U.S. salinity diagram (Fig. 7) show that the groundwater of the area at most places belongs to the categories C3S1 and C3S2, which fall within the zone of moderate to good water quality classes. Few samples fall in the poor zone of water quality (C4S4 and C3S4). The values of %Na against EC compared and plotted on a Wilcox diagram (Fig. 8) reveal a wide spatial variation in groundwater quality. About 40% of the water samples fall in the excellent to good and good to permissible classes, 17% in each permissible to doubtful and doubtful to unsuitable classes, and 24% fall in the unsuitable class of water quality.
Hydrochemical Facies
Hydrochemical facies are distinct zones that have cation and anion concentrations describable within defined composition categories (Ophori and Toth 1989) . A modified Piper diagram proposed by Chadha (1998) (Fig. 9) . For representing the primary character of water, the rectangular field is subdivided in to eight sub-fields each representing different water types. About 50% of the groundwater samples belonged to sub-field 7, which suggests that the alkali metals exceed alkaline earths and weak acids exceed strong acids. Such waters will impart residual sodium carbonate (RSC) hazards in irrigation use. Further, it represents Na-Cl type, Na-dominant Cl-type, or Cldominant Na-type waters. Thirty-two percent of the samples belonged to sub-field 6 which shows that alkaline earths exceed alkali metals and strong acids exceed weak acids. The water will have permanent hardness and will not impart RSC hazards in irrigation use. The field represents Ca-Mg-Cl-type water. Only a few samples fall in sub-fields 5 and 8 representing Ca-Mg-HCO3 type and Na-HCO3 type water, respectively.
Conclusion
The Yamuna basin has been considerably affected by human activities ranging from agriculture to the input of urban and industrial wastes. The aquifers in the basin in which groundwater occurs under phreatic conditions comprised of sands of various grades, clay, and silt with the occasional occurrence of kankar. The groundwater chemistry of the Yamuna basin reveals that the quality of water was deteriorated at some sites as indicated by the presence of high concentrations of EC, TDS, Cl, Na, F, and NO3. The polluting load in the basin is mainly caused by agricultural activities and discharge of industrial effluents without proper treatment. The chemical analysis shows that the groundwater at some sites is excessively hard, highly alkaline and saline, and is not suitable for domestic and irrigation uses. The overall character of water is represented by Na-K-Cl-SO4-type followed by Ca-Mg-Cl-SO4-type water. Na and Cl are, respectively, the dominant cation and anion in the groundwater of the basin. A Gibbs diagram indicates that the evaporation and weathering of rock-forming minerals are the dominant factors controlling the groundwater chemistry of the basin. Water pollution from industry can be easily minimized if steps are taken at the planning stage of project preparation, by selecting a proper site and appropriate technology. Keeping in mind the declining water level at places due to excessive withdrawal and deterioration in groundwater quality, it is suggested that cautious exploitation of groundwater, continuous monitoring, and ameliorative measures be implemented, otherwise extensive groundwater resources may be damaged beyond replenishment.
